We consider the neutrinoless double beta (0νββ) decay in the νMSM, in which three righthanded neutrinos with masses below the electroweak scale are additionally introduced to the Standard Model. In this model there appear three heavy neutral leptons N 1 , N 2 , and N 3 corresponding to right-handed neutrinos. It has been known that the lightest one N 1 with keV mass, which is a candidate for dark matter, gives a negligible contribution to the 0νββ decay. By contrast, the heavier ones N 2 and N 3 , which are responsible to the seesaw mechanism of neutrino masses and baryogenesis, give the destructive contribution (compared with one from active neutrinos). This is because their mass degeneracy at high precision has been assumed, which is expected by analytical studies of baryogengesis. In this analysis, we find that the effective mass of the 0νββ decay becomes larger than one from active neutrinos due to the N 2 and N 3 constructive contribution when the mass difference becomes larger and the mass ordering of active neutrinos is inverted. Such a possibility will be explored by the current and near future experiments of the 0νββ decay.
Introduction :
The fate of the lepton number is an interesting question of particle physics. It is an accidental global symmetry in the Standard Model (SM) and then physics beyond the SM can violate the symmetry. One of the most interesting possibilities is the seesaw mechanism [1] for generating masses of active neutrinos. In this case right-handed neutrinos are introduced with Majorana masses which break the lepton number. Thus, the non-zero masses of active neutrinos observed in oscillation experiments may lead to the violation if neutrinos are Majorana particles.
The lepton number violation induces striking processes which are absent in the SM. One famous example is the neutrinoless double beta (0νββ) decay: (A, Z ) → (A, Z + 2) + 2 e − , which changes the lepton number by two units [2] . The decay occurs if the neutrinos are massive Majorana particles and its rate is proportional to the squared of the effective neutrino mass m eff . As for the 0νββ decay of 136 Xe, the lower bound on the half-life is T 1/2 > 1.1×10 26 yr at 90 % C.L. [3] which leads to the upper bound on the effective mass |m eff | < m UB eff = (61−161) meV, where the uncertainties in Ref. [4] are taken into account. The bound on the 0νββ decay of 76 Ge is T 1/2 > 3.0 × 10 25 yr at 90 % C.L. [5] . In this case the bound becomes |m eff | < m , is given by 
where s i j = sin θ i j and c i j = cos θ i j . δ is the Dirac phase and η and η ′ are the Majorana phases.
By using the central values of mixing angles θ i j in Ref. [7] and applying the cosmological bound m i < 0.23 eV [8] , the effective mass due to active neutrinos is the range |m ν eff | = (1.49 − 72.0) meV for the NH case or (18.5 − 82.4) meV for the IH case, respectively. Thus, the predicted range, especially in the IH case, will begin to be tested by the near future experiments of the 0νββ decay.
We revisit the 0νββ decay in the neutrino Minimal Standard Model (νMSM) [9, 10] , which is the extension of the SM by three right-handed neutrinos ν R I with masses below O ( 10 2 ) GeV. The model realizes the seesaw mechanism of neutrino masses and the baryogenesis via oscillation of right-handed neutrinos [11, 10] , and offers a candidate of dark matter (known as sterile neutrino dark matter [12, 13] ). The 0νββ decay of the model has been investigated in Refs. [14, 15, 16, 17] .
In this model m eff is induced not only by active neutrinos but also by heavy neutral leptons (HNLs) associated with right-handed neutrinos. It has been shown that the contributions from HNLs can be comparable to the one from active neutrinos and, importantly, it is a destructive contribution due to the strong mass degeneracy of HNLs [15] .
In this analysis we will show that HNLs can give a constructive contribution to m eff in a certain parameter region, which should be contrast to previous results. This enhances the rate of the 0νββ decay and hence it is a good target for the current and near future experiments.
0νββ decay in the νMSM : Let us consider the νMSM, in which three right-handed neutrinos ν R I (I = 1, 2, 3) are introduced to the SM. Its Lagrangian is
where 
where the mixing matrix of HNLs is given by
The lightest HNL N 1 with keV scale mass is a candidate of dark matter. In order to avoid the constraints for dark matter its mixing Θ α1 must be sufficiently small [18] . Consequently, N 1 decouples from the seesaw mechanism and from the baryogenesis. The heavier ones N 2 and N 3 are then responsible to these two mechanism. It has been shown that they should be quasi-degenerate 10 2 ) GeV for the successful scenario.
(See the analyses in Refs. [19, 20, 16, 21] .)
The effective mass in the νMSM is given by
where the first term is the contribution from active neutrinos in Eq. (1) . Since N 1 gives a suppressed contribution to the masses of active neutrinos, the lightest one is smaller than O (10 On the other hand, the second term in Eq. (5) denotes the contributions from HNLs given by
where the f β (M I ) represents the suppression of the nuclear matrix element of the 0νββ decay for
In this analysis, we follow the results in Ref. [4] (see also Ref. [22] ) and take the expression
with 〈p 2 〉 ≃ (200 MeV) 2 . As shown in Ref. [14] the contribution from N 1 is much smaller than m ν eff and those from N 2 and N 3 (see also Refs. [15, 23] ). Thus, we shall neglect its contribution and set its Yukawa couplings F α1 = 0 from now on. In this case, the Yukawa couplings of N 2 and N 3 are parameterized as presented in Eq. (2.8) of Ref. [15] .
The contributions from N 2 and N 3 is decomposed into two parts [15] 
where
δm N 2,3 eff
where we have used in Eq. (9) the seesaw relation of masses and mixings of active neutrinos and
In the previous analysis we have neglected δm
which vanishes for ∆M = 0. This is because the baryogenesis via neutrino oscillations requires ∆M/M N ≪ 1 in order to generate the sufficient amount of the baryon asymmetry of the universe (BAU). (See, however, the discussion below.) In this case the effective mass in the νMSM is given by a simple expression [15] m νMSM eff
It is seen that the contributions from HNLs can be neglected when M |. This is because of δm
in Eq. (10) which was neglected in the previous analysis. First, we note that
where we have neglected the terms suppressed by O (∆M 2 /M 2 N ). Now we use the parameterization of the Yukawa coupling constants in Ref. [15] , and then obtain the expression
where we have assumed X ω ≫ 1. Here the mass parameter m * is given by the mixing angles and phases as 
for the IH case. The mass parameter takes its maximal value |m * | = 7.0 meV if δ + η = π/2 and ξ = +1 (or π/3 and ξ = −1) for the NH case, whereas |m * | = 92 meV if η = 3π/2 and ξ = +1 (or η = π/2 and ξ = −1) for the IH case. Therefore, we find that δm 
In order to discuss an impact of δm |. This point was missed in the previous analysis.
In the νMSM, the production mechanism of the lepton asymmetry is completely different from the ordinary leptogenesis. For the whole system the total lepton asymmetry is conserved at the early universe due to the smallness of the Majorana masses, and then the asymmetries are stored separately in left-and right-handed lepton sectors. Since the decay processes of right-handed neutrinos are irrelevant at the temperature above sphaleron freeze-out, the lepton asymmetry is produced through CP violating right-handed neutrino oscillation [11, 10] which starts at the typi-
GeV).
In the baryogenesis via neutrino oscillations the upper bounds on X ω and ∆M can be obtained in order to generate the observed baryon asymmetry [20] . When X ω ≫ 1, the Yukawa coupling constants become larger which leads to the washout of the produced asymmetry. On the other hand, when ∆M becomes larger, the oscillation of right-handed neutrinos begins at earlier epoch, which again leads to the suppression of the yield of baryon asymmetry. In addition, when M N becomes smaller than K -meson mass, N 2 and N 3 can be produced in K -meson decay and then receive the stringent constraints from direct search experiments. In this case, the mixing angles |Θ α2 | and |Θ α3 | cannot be large and an extremely large X ω is disfavored. See, for example, the recent analysis in Ref. [24] .
Based on these arguments, we shall illustrate our idea in Figs. 1 and 2 . Here we take M N = 0.5, 0.75, and 1 GeV for both NH and IH cases. First, the successful baryogenesis is possible in the region enclosed by the black line for each figure.
In this analysis, we use the kinetic equations of the case (ii) given in Ref. [25] for the estimation of the BAU.
where 18). T is the temperature of the universe. (See the details in Ref. [25] .) In Fig. 1 and 2 , the yield of the baryon asymmetry from these kinetic equations can be consistent with the observed value for the regions inside the black colored line. The behavior of this line is interpreted as follows:
The value of X ω is bounded from both below and above as explained above. In addition, in the interesting parameter space where ∆M is relatively large, the generated asymmetry at the sphaleron freeze-out temperature decreases as ∆M increases due to the suppression of the oscillation effect, and then ∆M is bounded from above.
In these figures we also plot contours of the ratio m 
Note that this parameter set gives rise to the large effective mass and the sufficient amount of the BAU at the same time. The whole of such possibilities can be derived be the numerical scan of the full parameter space of the model taking into account the experimental and cosmological constraints. This issue is, however, beyond the scope of the present analysis.
Summary and outlook :
We have investigated the 0νββ decay in the νMSM. Especially, we have estimated the contribution δm 
